The photodissociation dynamics of allyl bromide was investigated at 234, 265, and 267 nm. A two-dimensional photofragment ion velocity imaging technique coupled with a ͓2+1͔ resonance-enhanced multiphoton ionization scheme was utilized to obtain the angular and translational energy distributions of the nascent Br * ͑ 2 P 1/2 ͒ and Br ͑ 2 P 3/2 ͒ atoms. The Br fragments show a bimodal translational energy distribution, while the Br * fragments reveal one translational energy distribution. The vertical excited energies and the mixed electronic character of excited states were calculated at ab initio configuration interaction method. It is presumed that the high kinetic energy bromine atoms are attributed to the predissociation from 1
I. INTRODUCTION
The unsaturated hydrocarbon halides have played an important role in the understanding of photodissociation dynamics of polyatomic organic molecules and received much attention in the field of photochemistry. Their mechanism and dynamics have been studied by many authors. [1] [2] [3] [4] [5] In particular, the photodissociation of vinyl chloride ͑H 2 C v CHCl͒ has been investigated extensively by both experiment and theory, [6] [7] [8] [9] [10] therefore the general feature of its dynamics is now well understood and served as a model system for studying other unsaturated hydrocarbon halides. Previous studies show that the halogen atoms with high kinetic energy come from the predissociation that is from the initially accessed electronic excited state to a state which has a repulsive potential in nature along the C-halogen bond, and the halogen atoms of slow kinetic energy are attributed to the hydrohalide molecule elimination process or the internal conversion. The efficient internal conversion is an inherent property of polyatomic molecules and plays an essential role in their dynamics. Umemto et al. measured the translational energy distribution of Cl atoms of mono-and dichloroethylenes by photofragment translational spectroscopy at 193 nm and observed two pathways that produce Cl fragments.
1 The observed C-Cl bond fission on photolysis of vinyl chloride show two distinct kinetic energy distributions, and the branching between C-Cl fission and HCl elimination was measured approximately 1.1:1.0. In addition, the detailed dynamics of dichloroethylene was further investigated by Suzuki et al. utilizing ion velocity map imaging technique. 11 They found that the HCl fragments with high efficiency are attributed to a rapid internal conversion from ͑ * ͒ state to the lowest ͑ * ͒ state, and the Cl fragments with high kinetic energy come from the dissociation that is from the repulsive ͑n * ͒ state through a ͑ * ͒ state. Mo et al. have observed a minor primary reaction channels producing low energy Cl fragments, which are attributed to internal conversion. 7 Furthermore, the photodissociation of allyl bromide at 235 nm also confirmed the mechanism of low kinetic energy Cl atoms producing processes. 12 In this work, we investigated the photodissociation dynamics of allyl bromide at 234, 265, and 267 nm. A photofragment velocity map imaging technique was employed to obtain the angular and translational energy distributions of the nascent Br * and Br atoms. The ͓2+1͔ resonanceenhanced multiphoton ionization ͑REMPI͒ scheme was used to achieve state detection selectively. The spin-orbit branching ratios of the atomic bromine fragments were also measured, which serve as a powerful tool to explore the photodissociation dynamics of C 3 H 5 Br.
II. EXPERIMENTAL METHOD
The experiments were performed using a standard ion velocity imaging system similar to that Eppink and Parker had reported. 13 In brief, the apparatus consists of a supersonic molecular beam source and a main chamber that are a͒ both pumped with separate mechanical pumps and turbo pumps, yielding a typical pressure of 10 −6 Pa. The main chamber is composed of an electrostatic lens, a TOF tube, and a two-dimensional position sensitive detection system. Samples, C 3 H 5 Br ͑99% purity͒, were seeded in helium carrier gas and expanded into a source vacuum chamber through a molecular beam valve ͑General valve͒ with a 0.6-mm-diameter orifice. The operation of the valve was synchronized with laser pulses at 10 Hz. The supersonic molecular beam was skimmed through a 0.6-mm-diameter conical skimmer mounted 30 mm downstream of the valve, and the skimmer separated the molecular beam source chamber from the main chamber.
The 355 nm light from the third harmonic of the Nd:YAG ͑yttrium aluminum garnet͒ laser ͑YG981E, Quantel͒ operating at 10 Hz was used to pump a dye laser ͑Scan-Mate 2E OG, Lambda Physik͒. The visible output of the dye laser was frequency doubled using a beta-barium borate ͑BBO͒ crystal and aligned using a half-wave retardation plate to obtain the polarization of the UV laser light. The linearly polarized laser was focused perpendicularly onto the ionization zone of molecular beam with a 250 mm focal length lens. The C 3 H 5 Br was photolyzed by the UV laser light and bromine atom fragments were then selectively ionized at 233.97, 264.87, and 266.64 nm for Br * , and at 233.63, 264.77, and 266.58 nm for Br using the ͓2+1͔ REMPI technique within the same laser pulse. The wavelengths have been calibrated using a wavelength meter ͑Co-herent WaveMaster͒.
The nascent bromine fragment ions were accelerated using a repeller, an open extractor, and a ground electrode. The nonhomogeneous electric field caused around the electrodes functioned as an electrostatic ion lens. After flying along a field-free time-of-flight ͑TOF͒ tube with length of 500 mm, the expanded bromine ion cloud was then projected onto a two-dimensional position sensitive detector, which is composed of a dual chevron microchannel plate ͑MCP͒, and a phosphor screen ͑3040FM, Galileo Electro-Optic Corp.͒. A positive-high-voltage pulse was applied to MCP in order to separate the signal of bromine ion from those of background ions with different masses. The MCP signal was sent to the phosphor screen detector to convert the ion signal to an image which can be photographed by a charge coupled device ͑CCD͒ camera ͑MS-2821E, Mintron͒. The UV laser was scanned over a range of ±1 cm −1 to cover all ion velocity components. During the laser scan, over 30 000 shots are averaged to construct each image. The TOF mass spectra were acquired using a photomultiplier tube ͑931A, Hamamatsu͒ and a 100 MHz digital oscilloscope ͑TDS 2012, Tektronix͒. All the time delays were provided by a pulse generator ͑DG535, Stanford Research Systems͒.
III. THEORETICAL METHOD
To help determine the character of the excited states accessed in our experiment, preliminary ab initio electronic structure calculations for gauche-allyl bromide were also performed with the GAUSSIAN 98 program package.
14 The ground state equilibrium geometry was optimized by using B3LYP method with 6-311+ + G ** basis set. Unrestricted time-dependent density functional theory ͑UTDDFT͒ calculations provided the vertical excitation energies from the ground electronic state to the relevant low-lying excited states.
IV. RESULTS AND DISCUSSION

A. Angular and speed distributions
The raw Br * and Br images at 234, 265, and 267 nm are displayed in Fig. 1 with the laser polarization direction in the vertical axis. These raw images are two-dimensional projections of three-dimensional speed and angular distributions of bromine fragments. The two-dimensional raw image with cylindrical symmetry around the polarization axis of the photolysis laser can be used to reconstruct a three-dimensional velocity distribution by performing an inverse Abel transformation. Since the inverse Abel transformation is very sensitive to noise, the raw images have been presmoothed by the
FIG. 1. Raw ion images of Br
* and Br fragments from the photolysis of allyl bromide at 234 nm ͓͑a͒ and ͑b͔͒, 265 nm ͓͑c͒ and ͑d͔͒, and 267 nm ͓͑e͒ and ͑f͔͒. In all images the linear polarization vector of the photolysis laser is vertical. The images at 234 nm show larger radius due to the different voltages applied on the ion electrostatic lens.
Gaussian filter with a 7 ϫ 7 window to reduce the noise effect on the transformation, and the standard deviation is of 3 pixel units typically.
The shapes of the images reveal the angular and speed distributions of the Br * and Br photofragments, and the difference between the distributions is evident. In Br * formation channel, the angular distributions show strong anisotropy, while in observation, the angular distributions in Br channel is almost isotropic and the bromine atoms covered in the central part of the images.
The angular distribution can be characterized by an anisotropy parameter ␤, which is obtained from the standard formula,
where I͑͒ and P 2 ͑cos ͒ are the angular distribution of fragments and the second order Legendre polynomial, respectively. The is the angle between the laser polarization axis and the recoil velocity of photofragment. I͑͒ was extracted by integrating the reconstructed velocity distribution over an appropriate range of speed at each angle. The anisotropy parameter ␤ is estimated by fitting I͑͒ with the formula as shown in Eq. ͑1͒. The angular distributions of Br * and Br are plotted in Fig. 2 along with the relevant curve fits, and the analyzed anisotropy parameters ␤ in the dissociation process at 234, 265, and 267 nm are shown in figure too. The values that deviate from the limits can result from different origins such as the long lifetime of the excited state, predissociation, and deviation of the recoil axis from the transition dipole moment. It can also be inferred that there are multiple channels contributing to the generation of Br and Br * . The speed distributions of bromine fragments, P͑͒, were extracted by integrating the reconstructed threedimensional velocity distribution over all angles at each speed. The speed distributions were readily transformed into the center-of-mass translational energy distributions, P͑E t ͒, using the following equations:
We obtained the center-of-mass translational energy distributions of Br and Br * atoms, as shown in Fig. 3 . The solid line represents a fit of the total translational energy distribution of the fragment pair in the center-of-mass system of the parent molecule.
The available energies E avl of bromine atom formation channels during the dissociation process were calculated using the equation
where E h is the photon energy, and the bond dissociation energy D 0 ͑C 3 H 5 -Br͒ and the spin-orbit energy of bromine E so are 195.3 ͑Ref. 15͒ and 44 kJ/ mol, respectively. The very small internal energy of the parent molecule E int p in the cold supersonic beam can be neglected. To calculate the fraction of the translational energy of the Br or Br * channel to the available energy ͑f T ͒, the following relationship was used: The translational energy distribution in Br * channel includes a single fast component, which can be well characterized by a single Gaussian function, while the P͑E l ͒ of the Br atom show two different distributions with an additional low kinetic energy component, which is attributed to a new reaction pathway. This low kinetic energy component was also seen in the photodissociation of allyl chloride at 235 nm reported by Liu and Butler. 12 They identified the high kinetic energy C-Cl bond fission channels as predissociation of the initially photoprepared ͑ * ͒ state by a nearby repulsive singlet ͑n * ͒ state, while the low kinetic energy component comes from the internal conversion. The results of energy analyses and the fraction of the total translational energy to the available energy are summarized in Table I. A comparison between the experimental observation and theoretical repulsive impulsive model prediction is used to understand the energy partitioning. On application of the soft radical limit of the impulsive model, which is taken into account of the vibrational excitation, it was estimated that 39% of the available energy is distributed into the fragment translational energy and shows agreement with the energy partitioned into low kinetic components in Br formation channel. Thus more intramolecular electronic and vibrational energy transfers should be deduced in the corresponding channel. The energy partitioning of high kinetic energy components measured in experiment is close to 0.49 according to the rigid radical limit, which ignored the vibrational excitation of the alkyl radical. This suggests that the torque exerted on the allyl radical at the curve crossing is similar to that of the equilibrium geometry.
B. Relative quantum yields
Because the Br and Br * atoms dissociate at very close wavelengths, the slight differences between photodissociation cross sections at these wavelengths can be neglected. Therefore, the branching ratio N͑Br * ͒ / N͑Br͒ is proportional to the measured ion signal ratio in TOF mass spectra by the equation
where N͑i͒ is the number of species i, S͑i͒ is the measured intensity of species i, and k is the proportionally constant.
The k value is determined by the relative ͓2+1͔ REMPI strength of Br * and Br from the photolysis of Br 2 at 234 and 265 nm and CHBr 3 at 267 nm under the same experimental conditions, respectively. 16, 17 The k values obtained in the present study are 0.43, 0.87, and 0.60 at 234, 265, and 267 nm, respectively.
From the calculated ratios, the relative quantum yields of ⌽͑Br * ͒ and ⌽͑Br͒ were determined by the relations
and
The relative quantum yields ⌽͑Br * ͒ are listed in Table II.  From the Table II , we can see that the relative quantum yields of Br * are found larger than those of Br at 234 and 265 nm, but lower at 267 nm on the contrary, although the photon energies of 265 and 267 are so close. Therefore, we presumed that there probably exist two close dissociation channels attributed to the Br and Br * formations near the energy of ϳ4.6-4.7 eV ͑265 or 267 nm͒.
V. DISCUSSION
The ab initio calculations were carried out at the configuration interaction level for C 3 H 5 Br to explore the mixed electronic character in the Franck-Condon region of the excited states. There are two conformers for allyl chloride: cis and gauche with their equilibrium geometries calculated by Durig et al. 19 The gauche conformer is proven to be more stable than cis conformer for the energies of them are −2688.9711 and −2688.9687 hartree, respectively, from our calculations. In the predominant gauche conformer, the Br atom is out of the molecular plane and the plane of symmetry is broken. Therefore, C-Br fission is no longer WoodwardHoffmann forbidden. However, the cis conformer with higher energy is planar and the C-Br fission is WoodwardHoffmann forbidden. Thus, we expect the C-Br fission to be suppressed in cis conformer to some extent. Additionally Browning and co-workers also indicated that the presence of ͑n * ͒ and ͑ * ͒ configurations of vinyl chloride does not contribute significantly in planar geometries. 20 Therefore, we only performed calculations on the nonplanar gauche-allyl bromide. The calculations were carried out at the UTDDFT/ UB3LYP level to find low-lying excited electronic states accessed in experiment. The calculated vertical excitation energies together with oscillator strengths are shown in Table  III . The excitation energies were not corrected with the zeropoint energies.
In order to help interpret the bonding nature of the lowlying five excited states, we present pictures of the relevant molecular orbitals corresponding to the related transitions. Figure 4 shows the calculated three highest occupied and the lowest unoccupied orbitals.
From the ab initio calculation, it is found that all of the three occupied orbitals 27-29 have the mixed n / character and the unoccupied lowest occupied molecular orbital ͑LOMO͒ 30 can be described as * / * character. It is hard to distinguish whether each transition belong to ͑ * ͒, ͑n * ͒, or ͑ * ͒ state, but it is evident that all of the transitions involve in the mixture of these characters. The study on emission spectra for allyl chloride also revealed that the excitation of C 3 H 5 Cl at 199 nm involves a ͑ * ͒ state and an admixture of ͑ * ͒ with ͑n * ͒ or ͑ * ͒ electronic configurations. 21 In the region accessed in experiment, the two singlet states are preliminary assigned to the 1 ͑ * ͒ or 1 ͑ * ͒ transition because the 1 ͑n C-Br * ͒ state is too high to accessed. In addition, three excited triplet states are found to lie below the first singlet excited state. Since the spin-orbit coupling of allyl bromide is significantly large, we presumed that the triplet states do large contribution to the absorption and cannot be ignored. According to the ab initio calculations of vinyl bromide potential energy surfaces, 21 these low-lying triplet states can be tentatively assigned to 3 ͑ * ͒, 3 ͑ * ͒, and 3 ͑n * ͒ states. Two components were observed in the translational energy distributions of Br formation channel upon all the photoexcitations studied in this work. One component has a high kinetic energy distribution, while the other one has a low kinetic energy. The results measured at 234 nm in this study are significantly different from the data obtained by Park. 18 They found only one kinetic distribution in both Br and Br * channels on photolysis of allyl bromide. We cannot interpret the reason why the results are so different although they utilized similar method and the same wavelength with ours. Additionally, Liu and Butler have observed a similar low kinetic distribution of allyl chloride in the photodissociation at 235 nm too. 12 Their results also show a discrepancy from the data reported by Park. 18 Based on these we continue to discuss our results ignoring the discrepancy from Park's. The dissociation mechanism was obtained with the help of the known results such as the vibrational energy distribution of HBr fragments. The possible processes leading to the formation of Br 
͑11͒
In the case of molecular elimination channel ͑11͒, the energy distributed into the Br channel can be expressed by
where D 0 ͑H-Br͒ is 361.9 kJ/ mol and the internal energy of vibrational HBr, E int HBr , is less than 167.3 kJ/ mol obtained from the known results. 22, 23 Therefore, the translational energy of the slow Br formed from channel ͑11͒ are calculated to be very small from the energetic viewpoint. Accordingly, the molecular elimination channel can be ruled out. Therefore, the low energy Br fragments with channel ͑10͒ are presumed to originate from the internal conversion from the triplet ͑ * ͒ state to ͑ * ͒ state. Excitation of ethylene, which is the simplest bonded system, can be considered as the most typical ͑ * ͒ transition. The ethylene has been shown to undergo a very rapid S 1 → S 0 internal conversion after excitation to the ͑ * ͒ state. 24, 25 Ethylene is planar in S 0 , while the two CH 2 moieties are twisted by 90°in S 1 . Hence, the molecules photoexcited to S 1 rapidly deform along C v C twist coordinate. At the perpendicular geometry, the S 1 surface crosses with S 0 and the molecules are relaxed to S 0 . In addition, Browning et al. speculate that twisting of the C v C bond of allyl chloride leads to mixing of the ͑ CvC * ͒ and ͑ * ͒ configurations upon photoexcitation. 20 Nonplanar geometry in the ͑ * ͒ state of allyl bromide is expected by an analogy with the excited state geometry of ethylene. The internal conversion may be expected to occur in allyl bromide, and the components in slow steps are assigned to this channel. On the other hand, ͑ * ͒ state is expected to lie close to the ͑ * ͒ state in allyl bromide from our ab initio calculation, and surface crossing between ͑ * ͒ and ͑ * ͒ state is anticipated. The broken symmetry in the gauche allyl bromide permits extensive coupling between ͑ * ͒ and the ͑ * ͒ electronic configurations and results in repulsive forces along the C-Br reaction coordinate in the Franck-Condon region. This coupling causes a highly efficient internal conversion from the pumped 3 ͑ * ͒ state to the low-lying 3 ͑ * ͒ state, and the interaction between these two states increases with the geometrical change along the out-of-plane coordinate.
It is presumed that the high kinetic component is attributed to a mechanism involving predissociation via a repul- The possible photodissociation pathways of allyl bromide after the excitation to the low-lying states are illustrated in Fig. 5 based on the present study and the results accumulated so far.
1,21,26,27
The lowest-lying transition from the singlet ground state is the excitation of the C v C electrons to a bound 3 3 ͑n * ͒ state should be predominantly populated at 265 nm, and when the excitation energy decreases from 265 to 267 nm, the 3 ͑ * ͒ dissociation channel presumed becomes important. In addition, the 1 ͑ * ͒ or 1 ͑ * ͒ state can be accessed and the predissociation from any of these two states to the repulsive 1 ͑n * ͒ state should arise from excitation of the C-Br bond. Consequently, the low kinetic energy component in Br formation channel is ascribed to internal conversion from the lowest 3 ͑ * ͒ to the nearby 3 ͑ * ͒ state, while the high kinetic energy component is attributed to direct dissociate from the repulsive 3 ͑ * ͒ state and to predissociation from 1 ͑ * ͒ or 1 ͑ * ͒ state to 1 ͑n * ͒ state. The presumed photodissociation pathways of allyl bromide agree with the results of our ab initio calculations very well, while further information on excited state potential energy surfaces from more sophisticated calculations which can take the spin-orbit coupling effect into account is necessary.
VI. SUMMARY
In the present study, the photodissociation dynamics of allyl bromide has been investigated at 234, 265, and 267 nm. 
